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ARRHYTHMIAS AND
ELECTROLYTE DISTURBANCES*

BORYS SURAWICZ
Cardiovascular Division, Department of Medicine

The University of Kentucky College of Medicine, Lexington, Ky.

NT EW information derived from the electrophysiological laboratory,
in particular from studies employing microelectrodes, has con-

tributed to a more rational approach to the diagnosis and treatment of
cardiac arrhythmia. The purpose of this paper is to correlate some of the
recent advances in electrophysiology of cardiac fibers with the effect
of electrolytes on cardiac rhythm and conduction in man. For a review
of cellular electrophysiology the reader is referred to textbooks," 2
review articles,3' 4 and to the article of B. F. Hoffman in this symposi-
um. This presentation will be divided into three parts: potassium and
arrhythmia; other electrolytes and arrhythmia; and effect of electrolytes
on the action of digitalis and antiarrhythmic drugs.

POTASSIUM AND ARRHYTHMIA
Hyperpotassemia. Increased extracellular K concentration may alter

rhythm and conduction by one or more of the following mechanisms:
I) decreased resting or maximal diastolic membrane potential; 2)
increased velocity of repolarization and shortening of the action poten-
tial (AP); 3) decreased rate of diastolic depolarization, and increased
threshold potential in the pacemaker fibers. Arrhythmias may be also
caused by: 4) differences in sensitivity to K among different types of
cardiac fibers,56 and 5) "injury currents" resulting from differences
in potassium concentration in different parts of the myocardium. The
negative inotropic effect of potassium may also possibly play an indirect
role in the production of arrhythmia.

Electrocardiographic pattern of hyperpotassemia. When plasma K
concentration exceeds approximately 5.5 mEq./1., the T waves become
tall and peaked, and the Q-T interval shortens. Further increase of
plasma K concentration results in decrease of the amplitude of the P

*Presented at the Conference on Mechanisms and Management of Arrhythmias held by the NewYork Heart Association at the Hotel Waldorf-Astoria, New York, N. Y., January 24, 1967.The work described in this paper was supported in part by Public Health Research Grant HE.07359 friom the National Heart Institute.

Bull. N. Y. Acad. Med.



ARRHYTHMIAS AND ELECTROLYTE DISTURBANCES

wave, and progressive widening of both the P wave and the QRS
complex. P waves disappear when plasma K concentration exceeds about
8.8 mEq./l. Hyperpotassemia usually increases the duration of the QRS
complex uniformly; this suggests diffuse slowing of conduction without
change in the sequence of depolarization. The peaking of the T wave
and the shortening of the Q-T interval are related to the increased
velocity of phase 3 and shortening of the ventricular action potential.
The progressive slowing of the intra-atrial and intraventricular con-
duction is attributed to a slower rate of rise of the AP caused by the
less negative resting membrane potential.7 The P wave disappears when
the ventricular complex is still well defined because the atrial fibers be-
come nonexcitable at lower K concentrations than the ventricular
fibers.8 When the P wave disappears and the rhythm remains regular,
the pacemaker may be displaced from the S-A mode into the A-V
node, the bundle of His, or into the Purkinje fibers. However, even
in the absence of atrial depolarization, the impulse from the S-A node
may propagate to the ventricles, presumably through specialized atrial
fibers.9 This may result in sinoventricular conduction in the presence of
sino-atrial block. When plasma K concentration exceeds about Io
mEq./l., the ventricular rhythm may be irregular, and multiple escape
pacemakers may appear in the depressed myocardium. The combina-
tion of an irregular rhythm and an absent P wave may simulate
atrial fibrillation. An increase of plasma K concentration above 10-14
mEq./l. causes ventricular asystole or ventricular fibrillation. In isolated
preparations the bundle of His is most "resistant" to increased extracel-
lular K concentration. An action potential from the bundle was re-
corded when all other cardiac fibers were nonexcitable.10 Ventricular
fibrillation is probably due to reentry, which is facilitated by the slow
intraventricular conduction and the short duration of the ventricular
AP.

Adnministration of potassium salts. The effect of K administration on
cardiac rhythm and conduction depends on the integrity of the myo-
cardium, the initial plasma K concentration, the amount of administered
K, and the change or the rate of change of plasma K concentration.
Administration of potassium may produce the following effects: i)
suppression of supraventricular and ventricular ectopic beats and
rhythms; 2) shortening or lengthening of the A-V conduction time;
3) atrial and ventricular standstill; 4) defibrillation of the atria and
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Fig. 1. Abruipt termination of ventricular tachycardia during intravenous KC1 adminnis-
tration. (From B. Surawicz, in: (ardiovascular Drug Therapy, p. 467. Brest, A. N. and

Moyer, J. 11., e(ds, New York, Grime, Stratton, 1965. Courtesy of publishers).

the ventricles; 5) ventricular fibrillation; 6) increase of ectopic beats.
Intravenous administration of K at a rate of 0.5-i.0 mEq./min.

suppresses supraventricular and ventricular ectopic beats and rhythms
with the exception of atrial fibrillation and atrial flutter in about 8o per
cent of patients." The antiarrhythmic effect usually occurs when plas-
ma K concentration is increased by 0.5-i.0 mEq./l. to a level of 5.o-6.5
mEq./l. Such increase of plasma K concentration usually has no effect
on the sinus rate. The disappearance of ectopic beats is probably due
to slowing of diastolic depolarization and increase of the threshold po-
tential of the ectopic pacemaker fibers. Administration of K may occa-
sionally terminate an ectopic supraventricular or ventricular tachycardia
abruptly (Figure i). More commonly, however, the rate of the ectopic
rhythms decreases gradually (Figure 2). Increased K concentration
slows diastolic depolarization in Purkinje fibers more than in the fibers
of the S-A node.'2 This may explain the suppression of ectopic activity
without change of the sinus rate. Slowing of the rate of diastolic de-
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Fig. 2. Gradual decrease of atrial rate during intravenous KC1 administration in a
patient with ectopic atrial tachyeardia. In the strips A, B, and C, 2:1 A-V conduction;
in D-G, 1:1 conduction. (From B. Surawicz, in: Cardiovascular Drug Therapy, p. 463.
Brest, A. N. and Moyer, J. H., eds., New York, Grune, Stratton, 1965. Courtesy of

publishers).

polization in the Purkinje fibers by potassium is attributed to increased
potassium permeability.'3-14

The effect of moderate increase of plasma K concentration on the
A-V conduction in man is variable. In some patients, increase of plasma
K concentration to 5.0 to 6.5 mEq./l. shortens the P-R interval and
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abolishes second or third degree A-V block.1" In other patients the same
increase of plasma K concentration may have either no effect or a
depressing effect on A-V conduction.'1 The net effect of hyperpotas-
semia on A-V conduction is determined by the complex interrelation
between the change of the resting membrane potential, threshold poten-
tial, and the slope of diastolic depolarization in the fibers of the con-
ducting system.15 The less negative resting membrane potential and
threshold potential may result in slower conduction. However, the
decreased rate of diastolic depolarization may cause more rapid conduc-
tion in fibers depolarized from a more negative diastolic potential. Slight
depolarization may also increase A-V conduction velocity by bringing
the maximal diastolic potential closer to the threshold potential. In
addition, shortening of the AP may also possibly contribute to more
rapid conduction. Clinical observations suggest that the most rapid A-V
conduction in man probably occurs at K concentrations that are some-
what above the upper limits of normal K concentration. The individual
variations may depend on pathological factors such as the degree of
damage of the conducting system in the diseased heart, and also on
physiological variables such as the complex interplay between potassium
and acetylcholine."6' 17 When plasma K concentration exceeds 8.o
mEq./l. the P-R interval is usually prolonged. When this occurs, the P
amplitude is low, and it may be difficult to determine whether the pro-
longation of the P-R interval is due to the increased duration of the
P wave or the duration of the P-R segment.

Cardiac arrest occurs when K depolarizes ventricular fibers to a
critical level at which the fibers become nonexcitable.17 Another type of
cardiac arrest has been observed in isolated perfused hearts after a
change from K-deficient solution to one containing normal K concen-
trations.18 In the rabbit heart this type of arrest was attributed to inhibi-
tion of diastolic depolarization of the pacemaker fibers, presumably due
to sudden increase of K conductance.18 The resting membrane potential
of the atrial and ventricular fibers was not appreciably decreased at the
time of inhibition of the pacemaker, and there were no intraventricular
or intra-atrial conduction disturbances before or after arrest.'8 The
same phenomenon was also observed in K-depleted dogs.'9 Bradycardia
and A-V conduction disturbances that occasionally occur in patients
with hypopotassemia during rapid administration of K salts may be
caused by the same mechanism (references 83 and 84 in Surawicz 15).
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Fig. 3. Infusion of 6.5 ml. of isotonic KCl solution containing 0.26 mEq. of K into
right coronary artery of 20 kg. dog within 15 seconds. Note: Onset of ventricular
fibrillation after single ventricular ectopic beat 3 seconds after the end of infusion.
There is no change in heart rate, and no increase of QRS duration before the pre-
mature beat. See text. Abbreviations: R. V. Contr. and L. V. Contr. = right and left
ventricular contractile force measured with strain gauge arches sutured to the surface
of the ventricles; R.V. = right ventricular pressure in mm. Hg; Aorta = aortic pres-
sure in mm. Hg; R.V. Epic. and L.V. Epic. = right and left ventricular epicardial
electrograms; II = Lead II. (Unpublished observations of A. Krotkiewski and B.

Surawicz).

The above observations suggest that rapid rates of change of plasma K
concentration may depress the formation and conduction of impulses.
The effect of K administration on intraventricular conduction may
also depend on the rate of change of plasma K concentration. For in-
stance, slow administration of K in dogs produces a gradual increase
of the QRS interval, but rapid administration produces first a decrease
and then an increase in the duration of the QRS complex.19

In dogs, administration of potassium salts intravenously at a rapid
rate produces either ventricular standstill or ventricular fibrillation.
The latter occurs more frequently than the former. Ventricular fibrilla-
tion usually develops when plasma K concentration in the coronary
arteries exceeds i5 to 2o mEq./l. Fibrillation may be either preceded by
several ventricular ectopic beats with wide QRS complexes, or it may
occur after a single premature beat without preceding change of heart
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Fig. 4. Electrocardiogram of a 59-year-old man with acute myocardial infarction. Note:
Monophasic pattern in A and B, elevation of the S-T segment in C and D, and onset
of ventricular fibrillation after single ventricular premature beat in B. Duration of
ventricular depolarization + repolarization (MAP) is 360 nmsec. in A4, and 270 msec. in

B. Coupling interval of the premature beat = 300 msec.

rate or increase of QRS duration.' Figure 3 demonstrates ventricular
fibrillation that occurred after administration Of o.26mEq. K into the
right coronary artery of a dog in i5 seconds. In the electrogram from
the area perfused by potassium the Q-T interval is shortened and the
S-T segment is elevated, while the ventricular complex is unchanged
in the electrogram from the area not perfused by potassium. Ven-
tricular fibrillation occurs after a single ventricular premature beat.
The appearance of this premature beat after administration of K is
difficult to explain because hyperpotassemia should decrease the auto-

maticity of pacemaker fibers. Patients with hyperpotassemia usually have
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no ectopic beats before the onset of severe intraventricular conduction
disturbances. It is conceivable that the ectopic beat is caused by the
"current of injury" resulting from the nonhomogeneous distribution
of potassium.

It is of interest that ventricular fibrillation in patients with acute
myocardial infarction (Figure 4) closely resembles fibrillation pro-
duced by administration of potassium into the coronary arteries (Figure
3). Common to both are "injury current," shortening of ventricular
repolarization, absence of QRS widening and increase of heart rate,
as well as short coupling interval of the premature beat. The short
coupling interval implies a short effective refractory period, and sug-
gests that premature depolarization occurs in the area in which plasma K
concentration is increased. Ectopic rhythms after coronary occlusion
in dogs have been attributed to potassium liberated from the infarcted
myocardium.?- Since moderate hyperpotassemia lowers the threshold
of excitability, an increase of K concentration could render some pace-
maker fibers susceptible to excitation by the injury current.21

The defibrillatory effect of K has been known since I908.22 Atria
can be defibrillated by lesser increase of plasma K concentration than
the ventricles. In patients with severe hyperpotassemia, spontaneous
change from atrial fibrillation to sinus or an ectopic atrial rhythm may
take place at K concentrations about 8 to 9 mEq./l. The literature con-
tains several reports of atrial defibrillation after administration of potas-
sium salts (references 54 and 62 in Surawicz15).

In certain potassium-depleted patients with severe hypopotassemia,
ectopic activity increased during the administration of potassium with
glucose.Y3 These arrhythmias may be due to the decreased potassium
concentration that frequently occurs during slow administration of
potassium with glucose. It is probable that glucose metabolism con-
tributes to the migration of potassium into the cells and lowers plasma
K concentration.23

Potassium and artificial pacemakers. In dogs the ventricular threshold
of excitability decreases when plasma K concentration is moderately
elevated24 25 but increases sharply when K concentration exceeds about
7 to 9 mEq./l.24-26 Systematic studies of excitability threshold in man have
not been carried out. Several clinical observations suggest that slight
increases of plasma potassium concentration lower the threshold of
ventricular excitability while further increases raise the threshold. An
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example of the lowering of excitability threshold by potassium is its
effect on the function of defective pacemakers in which either the
stimulus strength is decreased or the tissue resistance around the elec-
trode is increased. Occasionally normal response to pacemaker stimula-
tion can be restored by the administration of potassium salts.27 Ad-
ministration of glucose and insulin that lowers plasma K concentration
may cause a decreased responsiveness to the stimulation by defective
pacemakers. We observed a marked increase of the ventricular excita-
bility threshold in a patient with a transvenous pacemaker when his
plasma K concentration was increased to 7.1 mEq./.26 The measure-
ment of excitability threshold in patients with pacemakers does not
differentiate between a lack of response to stimulation and the lack of
propagation of a local response. However, this is probably of little
practical significance since both excitability threshold and conduction
velocity are probably affected in the same manner. The lowest excita-
bility threshold and the most rapid conduction velocity in man may
occur when plasma K concentration is close to 6.o mEq./l. while lower
and higher K concentrations are expected to decrease the conduction
velocity and increase the excitability threshold. There may be differ-
ences between the extracellular K concentrations that depress intra-
ventricular conduction disturbances in zvvo and in vitro. In the isolated
papillary muscle and Purkinje fibers of the monkey, velocity of con-
duction increased when extracellular K was 8.i mM./l., and decreased
when K concentration was IO.8 mM./1.28 In dog and in man P-R and
QRS intervals are usually prolonged when plasma K concentration
exceeds 7.0 mEq./l.

Hypopotassemia. Decreased extracellular K concentration may alter
rhythm and conduction by one or more of the following mechanisms:
i) increased resting membrane potential (hyperpolarization); 2) short-
ening of phase 2 and prolongation of phase 3 of AP; 3) increased rate
of diastolic depolarization in the pacemaker fibers; 4) transformation
of nonpacemaker into pacemaker fibers; 5) decrease of excitability
threshold. Arrhythmias may be also caused by differences in the re-
sponse of different fiber types to the same decrease of plasma K con-
centration. The effects of low K on the electrophysiological properties
of the S-A node, A-V node, and the bundle of His have been studied
less extensively than the effects of high K on these structures. There-
fore the mechanisms of some electrocardiographic manifestations of
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hypopotassemia still remain uncertain. Moderate hypopotassemia alters
mainly repolarization but severe hypopotassemia may also cause intra-
ventricular and A-V conduction disturbances. The depression of the
S-T segment, decreased amplitude of the T-wave, and increased ampli-
tude of the U wave are attributed to shortening of phase 2 and pro-
longation of phase 3 of the ventricular AP.29 The AP becomes longer
but this apparently does not increase the duration of the effective re-
fractory period, because most of the AP increase occurs at the end of
repolarization when the fiber has repolarized to a level that is below
the threshold potential. When the AP develops a long and slow "tail,"
the membrane potential may be actually closer to the threshold poten-
tial that would facilitate depolarization. In isolated preparations depres-
sion of potassium concentration may change nonpacemaker fibers into
pacemaker fibers.15 The effect of hypopotassemia on the atrial and
ventricular refractory period has not been studied. Clinical observa-
tions suggest that hypopotassemia shortens the effective refractory
period because atrial and ventricular premature beats in patients with
hypopotassemia frequently occur after a short coupling interval.30
Perfusion of isolated rabbit hearts with potassium-deficient solutions
produces intraventricular conduction disturbances and A-V block as
well as supraventricular and ventricular ectopic beats.7 29 In patients
with severe hypopotassemia, the QRS interval is usually increased by
o.oi to 0.03 seconds.3' The increased duration of the QRS complex is
the result of widening without change in shape, which suggests that it is
caused by slower intraventricular conduction without change in the
sequence of depolarization. This may be due to hyperpolarization of
ventricular fibers, or to slower conduction in the specialized fibers of
the conducting system. Hypopotassemia prolongs the "tail" of the
action potential in the conducting systems more than in the ventricles,
so that the period of incomplete repolarization in the Purkinje fibers
is longer than in the ventricular fibers.32 In addition, hypopotassemia
increases the velocity of diastolic depolarization in the Purkinje fi-
bers.13, 32 Therefore, quiescent Purkinje fibers develop automatic activ-
ity. When such fibers are depolarized from a level of transmembrane
potential that is less negative than the maximal diastolic potential, the
upstroke velocity of the AP and the conduction velocity decrease. De-
polarization of incompletely repolarized ventricular fibers may also
produce intraventricular conduction disturbance (Figure 5). Patients
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Fig. .5. Ventricular ectopic beats and ECG during perfusion of an isolated rabbit heart
with Krebs-Hanseleit solution containing 0.8 mm. K and 12 mg. quinidine per liter.
When depolarization begins from a more negative membrane potential (1st, 2d, and
5th beats), the upstroke of the action potential (AP) is more rapid than when
depolarization begins from a less negative membrane potential (3d, 4th, and 6th beats).
In beats with slower upstroke, the QRS complexes are wider and less well defined than
in beats with more rapid upstroke. (L. S. Gettes, B. Surawicz, and J. C. Shitie, Amer.

J. Physiol. 203:1135, 1965. Courtesy of publishers).

with severe hypopotassemia may occasionally have advanced disturb-
ances of intraventricular conduction.33 Hypopotassemia promotes the
appearance of supraventricular and ventricular ectopic beats and
rhythms. In 81 nondigitalized patients with plasma K concentration
3.2 mEq./l. or less, ventricular ectopic beats occurred in 28 per cent,
supraventricular ectopic beats in 22 per cent, and A-V conduction
disturbances in 1 2 per cent.30 Ectopic beats occurred three times, and
A-V conduction disturbances two times more frequently than in the
control hospital population.30 The prevalence of ectopic beats in patients
with hypopotassemia who had no digitalis and no heart disease was
at least twice as great as in the control group of unselected hospital
patients.30 It is of interest that patients with severe hypopotassemia may
develop arrhythmias that are considered characteristic of digitalis
toxicity, e.g., nonparoxysmal atrial tachycardia with block, or A-V
dissociation. Arrhythmias of this type are attributed to a combination
of increased automaticity of ectopic pacemakers, and at least some
degree of atrioventricular conduction disturbances. The mechanism of
depressed A-V conduction caused by low potassium has not been studied
at the cellular level. It is probable that the effect of low potassium on
the pacemaker fibers in the A-V junction is similar to the effect of low
K on the Purkinje fibers. Patients with hypopotassemia have greater
sensitivity to vagal stimulation.34 It should be added that in some patients
A-V conduction may be improved by decreasing plasma K concentra-
tion. This is probably the basis of therapy with chlorothiazide in
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patients with incomplete A-V block.35
Perfusion of isolated hearts with potassium-deficient solutions pro-

duces ventricular fibrillation.29 3 This may be due to a combination
of increased ventricular automaticity, slowing of conduction, and short
effective refractory period. Ventricular fibrillation has also occurred in
patients with severe hypopotassemia.23

OTHER IONS IN ARRHYTHMIA

Calcium. Only extremely high or low concentrations of Ca produce
electrophysiologic abnormalities that are of clinical importance. Within
the range of concentrations compatible with life, calcium has relatively
little effect on the resting membrane potential. Low calcium prolongs
and high calcium shortens phase 2 of the AP in several types of cardiac
fibers.37 Calcium does not alter appreciably the duration of phase 3.
Prolongation of phase 2 by low calcium prolongs the duration of the
AP and the duration of the effective refractory period. Shortening of
phase 2 by high calcium shortens the duration of the AP and the dura-
tion of the effective refractory period. The same change of Ca concen-
tration may have different effects on the phase 2 of different types of
cardiac fibers.37 The effect of calcium on the duration of the AP de-
pends on heart rate and magnesium concentration.37'38 It is of interest
that low calcium does not prolong the duration of the action potential
in premature beats when the depolarization begins from a significantly
less negative membrane potential than the resting potential.39 Low
calcium depresses contraction, lowers excitability threshold, and slightly
decreases the rate of diastolic depolarization of the pacemaker fibers.40
High calcium increases the contractile force, increases excitability
threshold, and slightly increases the rate of diastolic depolarization of
the pacemaker fibers.40

Experimental hypercalcemia increases the duration of the QRS
complex and produces ectopic beats and ventricular fibrillation.'5 Pa-
tients with severe hypercalcemia may have prolonged QRS and P-R
intervals and, occasionally, second- or third-degree A-V block.41 The
incidence of ectopic beats in patients with hypercalcemia does not
appear to be increased. It has been postulated that sudden deaths of
patients with hyperparathyroidism and other disturbances producing
hypercalcemia are caused by ventricular fibrillation.14 However, there
are no published electrocardiograms of patients with hypercalcemia
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shortly before or at the time of sudden death.
Perfusion of isolated hearts with calcium-deficient solutions pro-

duced ectopic beats and ventricular fibrillation only when calcium con-
centration was less than I/20 of the normal plasma calcium concentra-
tion.42 Patients with hypocalcemia are not expected to have conduction
disturbances or ectopic beats. Hypocalcemia induced by administration
of Na2EDTA suppressed supraventricular and ventricular ectopic beats
in about 50 per cent of patients.43 Ectopic beats suppressed by hypo-
calcemia reappeared after calcium administration.43 WVe have suggested
that the antiarrhythmic effect of induced hypocalcemia may be due
to the prolonged duration of the effective refractory period.

The effect of calcium on the electrophysiologic properties of the
heart depends on potassium concentration. In isolated hearts, intra-
ventricular conduction disturbance, A-V conduction disturbances, and
ventricular fibrillation caused by increased extracellular potassium con-
centration can be abolished or prevented by increasing calcium concen-
tration. Conversely, intraventricular conduction disturbances, atrio-
ventricular conduction disturbances, and ventricular fibrillation caused
by low extracellular K concentration can be abolished or prevented by
lowering calcium concentration. Administration of calcium shortens
the QRS duration when K concentration is increased, probably be-
cause high calcium concentration maintains normal resting membrane
potential in the presence of increased K concentration.37

The mechanism by which low levels of calcium prevent conduc-
tion disturbances and fibrillation in hearts perfused with solutions low
in K is not clear. Low calcium does not alter the amount or the rate
of K loss in the heart.44 The clinical significance of the observations
that low calcium inhibits arrhythmias produced by low potassium is
uncertain. The antiarrhythmic effect of low calcium in hearts perfused
with low potassium solution occurred when calcium concentrations
were much lower than those encountered in patients with hypocalcemia.
Patients with combined hypopotassemia and hypocalcemia had the
same prevalence of ectopic beats as patients with hypopotassemia with-
out hypocalcemia.3"

Sodium. High sodium concentration increases and low sodium con-
centration decreases the upstroke velocity of the action potential. Within
limits of plasma sodium concentration compatible with life, the effect
of high or low sodium on cardiac rhythm and conduction are probably
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negligible. However, in patients with intraventricular conduction dis-
turbances caused by hyperpotassemia, hypernatremia shortens and hy-
ponatremia prolongs the QRS interval. Intravenous administration of
sodium salts effectively suppresses manifestations of advanced K cardio-
toxicity and prevents ventricular standstill and fibrillation (references
30-32 in Surawicz15).

Magnesium. High extracellular concentrations of magnesium de-
press atrioventricular and intraventricular conduction. The depression
of A-V conduction may occur when magnesium concentration is 3 to
5 mM./l. and cardiac arrest may be expected when magnesium con-
centration reaches I5 to 22 mM./l. (references 17 and 31 in Surawicz
et al 38) The latter concentrations are considerably higher than those that
cause respiratory arrest. Intravenous administration of magnesium salts
suppresses ectopic beats in both digitalized and nondigitalized patients.45
The effect of high magnesium on the upstroke velocity of the ven-
tricular action potential is similar to the effect of high potassium. The
mechanism of the antiarrhythmic action of magnesium therefore may
be similar to that of potassium. In the isolated preparation high mag-
nesium decreases and low magnesium increases the duration of the atrial
and ventricular action potential when Ca concentration is low.38 This
suggests that abnormal magnesium concentration may alter the duration
of the effective refractory period in patients with hypocalcemia (Ref.
in 38).

EFFECT OF ELECTROLYTES ON THE ACTION OF DIGITALIS
AND ANTIARRHYTHMIC DRUGS

Digitalis. Increased extracellular potassium concentration decreases
automaticity and suppresses ectopic beats induced by digitalis.46-51 Hy-
perpotassemic animals and man can tolerate unusually large doses of
digitalis without developing ectopic activity.52'5 In hypopotassemic
animals ectopic beats and rhythms appear after administration of
unusually small doses of glycosides.53 In patients receiving digitalis,
arrhythmia may be precipitated by carbohydrate administration or
removal of potassium by dialysis.54-58 The effects of the interaction of
potassium and digitalis on A-V conduction reflect the complex effects
of potassium on A-V conduction. As mentioned earlier, both extremes,
low and high potassium concentration, depress A-V conduction. There-
fore, moderate hyperpotassemia may improve A-V conduction in pa-
tients with A-V block induced by digitalis.1' However, in dogs and in
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Fig. 6. Electrocardiogram of a 53-year-old patient with atrial fibrillation, treated with
a maintenance dose of 0.5 mg. digoxin daily. Note: Pattern of hypopotassemia three
hours before "cardiac arrest" (A), and after treatment with sodium lactate, glucose
and insulin (B and C). Ventricular rate in A, B, and C is about 95/minute. The sixth

beat in B is probably a ventricular escape beat.

man, hyperpotassemia and digitalis may also have a synergistic de-
pressive effect on A-V conduction.57'58 The effects of hyperpotassemia
on A-V conduction disturbance induced by digitalis are not predict-
able because they depend not only on the absolute plasma K concen-
tration but on the rate of K administration and on the presence or
absence of structural damage of the conducting system. Figure 6 dem-
onstrates an ECG of a patient with atrial fibrillation and renal insuffi-
ciency treated with a maintenance dose of 0.5 mg. digoxin daily. In
this patient the rhythm and the rate are the same when plasma K con-
centration is 8.4 (A), 6.7 (B), 4.4 (C) mEq./l. In other patients with
atrial fibrillation receiving digitalis, hyperpotassemia produced com-
plete A-V block with an A-V junctional pacemaker. The rate of the
A-V junctional pacemaker was normal or rapid.* It is possible that in
dogs with digitalis-induced disturbances of A-V conduction, depres-
sion of A-V conduction may be due to a rapid rate of K administration
rather than to hyperpotassemia. At present there is not enough clinical
evidence to suggest that administration of potassium is contraindicated
in patients with depression of A-V conduction produced by digitalis.
It remains to be established whether patients receiving digitalis develop
arrest or fibrillation at lower K concentrations than patients without
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Fig. 7. Electrocardiogram of a 26-year-old patient with rheumatic heart disease, treated
with a maintenance dose of 0.25 mg. digoxin daily. On August 25, 1964, alrial fibrilla-
tion with multiple ventricular ectopic beats. Vcntricular fibrillation begins after pre-
mature beat with a short coupling interval. On the following day, ECG pattern of
hypopotassemia, and atrial fibrillation with regular ventricular rhythm attributed to a
complete A-V block. Note: Transition from A-V junctional rhythm to a ventricular
ectopic escape rhythm in lead II. (From: S. Davidson and B. Surawicz, Ectopic beats
and atrioventricular conduction disturbances in patients with hypopotassemia. In press.

Courtesy of Arch. Int. Med.)

digitalis. The effect of potassium appears to depend more on the rate
of K administration and the presence or absence of structural damage
of the conducting system than on the absolute plasma K concentration.

Hypopotassemia may augment the depression of A-V conduction
produced by digitalis. The most characteristic arrhythmias in hypo-
potassemic patients receiving digitalis are nonparoxysmal supraventricu-
lar tachycardia with block and dissociation. Both types of arrhythmia

*Surawicz and Gettes, unpublished observations.
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are due to a combination of increased ectopic activity and depressed
A-V conduction. Both hypopotassemia and digitalis decrease the effec-
tive refractory period of the ventricles and shorten the coupling interval
of ventricular premature beats. Slow propagation of early ectopic im-
pulses may result in reentry and cause ventricular fibrillation (Figure
7). The synergistic effect of low K and digitalis on automaticity and
A-V conduction explains the increased sensitivity to digitalis in patients
with hypopotassemia. We have seen the appearance of nonparoxysmal
atrial tachycardia with block or A-V dissociation with A-V junctional
tachycardia after the administration of 0.75-2.0 mg. of digoxin in
patients with hypopotassemia and K-depletion.*

There is a lack of detailed studies of the calcium-digitalis relation-
ship on the electrophysiological properties of cardiac fibers.59 Both
hypercalcemia and digitalis increase the threshold of excitability and
shorten the effective refractory period in the ventricles. It has been
reported that hypercalcemia increases the susceptibility of the heart to
the induction of ventricular ectopic beats by ouabain.60' 61 Several studies
suggest a synergistic effect of calcium and digitalis on automaticity (ref-
erences in Surawicz¶O). But in experimental animals receiving digitalis,
hypercalcemia produced ectopic rhythms only when the animals had
received an excess of 95 per cent of the toxic dose of ouabain. Dogs that
-received go per cent of the toxic dose of acetylstrophanthidin had no
arrhythmia when their serum calcium was 46.2 mg. per cent. In another
study, nondigitalized dogs developed A-V block when serum calcium
concentration was 15 to 40 mg. per cent. Ectopic rhythms terminating
in ventricular fibrillation were associated with slightly higher calcium

64concentrations. 4 The effects of calcium on animals receiving digitalis
were not different from those in animals not receiving digitalis, so that
this study showed no evidence of synergistic or additive effects between
calcium and digitalis. Clinical correlations between the effects of hyper-
calcemia and digitalis are surprisingly scarce; hence the problem re-
quires further investigation. Ectopic beats caused by overdosage of
digitalis are suppressed by lowering calcium concentration with Na2
EDTA or citrate salts.62 However, it has been pointed out that
Na2EDTA is equally effective in suppressing ectopic beats and rhythms
in digitalized and nondigitalized patients.43

Quinidine. In animal experiments the effect of hyperpotassemia
*Surawicz and Mortelmans, unpublished observations.
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and quinidine on the rate of rise of the AP and the conduction velocity
are synergistic. Therefore quinidine toxicity is augmented by hyper-
potassemia.65 The effect of low K concentration is less predictable.
The hyperpolarizing effect could counteract the quinidine effect on
conduction. Such an effect was observed in isolated rabbit hearts beating
at a slow rate." However, in dogs or in isolated rabbit hearts beating at
a more rapid rate the intraventricular conduction disturbance produced
by quinidine became more pronounced when K concentration was
low.7' 7 In isolated hearts this was attributed to a greater prolongation
of repolarization by low K and quinidine together than by either alone.
Thus the onset of depolarization usually occurred before the repolariza-
tion was completed. This resulted in a slower rate of rise of the action
potential and a slow conduction (Figure 5). Toxic effects of quinidine
on atrioventricular and intraventricular conduction in dogs can be
reversed by the administration of sodium chloride or sodium lac-
tate.67' 68 This is apparently caused by increased rate of rise of the action
potential mediated by sodium. Administration of calcium increases the
duration of the P-R and QRS intervals in dogs with quinidine intoxica-
tion.68 However, this effect of calcium is not greater in quinidine-
intoxicated dogs than in control animals. When quinidine-intoxicated
dogs developed sinus bradycardia, increased potassium concentration
further slowed the heart rate. However, decreased plasma K concentra-
tion and increased sodium or calcium concentration had no effect on
the sinus rate.* The effects of electrolytes on the A-V and intra-
ventricular conduction produced by quinidine are similar to those in
dogs not receiving quinidine. The only exception is shortening of the
PR and QRS intervals by sodium in dogs with quinidine intoxication.
However, this effect of sodium is not specific since it is also present
when conduction is depressed by potassium and other factors.

SUMMARY
This article reviews: i) correlation of recent advances in electro-

physiology of cardiac fibers with the effects of electrolytes on rhythm
and conduction in man; 2) arrhythmias due to electrolyte disturb-
ances and the effect of certain electrolyte disturbances on preexisting
arrhythmias; 3) treatment of arrhythmias by altering plasma electro-
lyte concentrations; and 4) effects of electrolyte disturbances on the
action of digitalis and quinidine.

*Mazzoleni and Surawicz, unpublished observations.
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